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 Circulating exosomal miRNA represents a potentially useful class of blood-based 
biomarkers for cancer liquid biopsy. The detection of miRNA at a very low concentration and 
with single-base discrimination without the need for sophisticated equipment, large volumes, or 
elaborate sample processing is a challenge. To address this, we present an approach that is highly 
specific for a target miRNA sequence and has the ability to provide “digital” resolution of 
individual target molecules with high signal-to-noise ratio. Gold nanoparticle tags are prepared 
with thermodynamically optimized nucleic acid toehold probes that, when binding to a target 
miRNA sequence, displace a probe-protecting oligonucleotide and reveal a capture sequence that 
is used to selectively pull down the target-probe-nanoparticle complex to a photonic crystal (PC) 
biosensor surface. By matching the surface plasmon resonant wavelength of the nanoparticle tag 
to the resonant wavelength of the PC nanostructure, the reflected light intensity from the PC is 
dramatically and locally quenched by the presence of each individual nanoparticle, enabling a 
new form of biosensor microscopy that we call Photonic Resonator Absorption Microscopy 
(PRAM).  Dynamic PRAM imaging of nanoparticle tag capture enables direct 100 aM limit of 
detection and single-base mismatch selectivity in a 2-hour kinetic discrimination assay. The 
PRAM assay demonstrates that ultrasensitivity (<1 pM) and high selectivity can be achieved on a 
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CHAPTER 1: INTRODUCTION 
 
 High-resolution microscopy technologies such as electron beam microscopy and confocal 
fluorescence microscopy, including super-resolution methods (structured illumination 
microscopy (SIM), stimulated emission depletion microscopy (STED), photo-activated 
localization microscopy (PALM), and stochastic optical reconstruction microscopy (STORM)),  
enable observation of fluorophore-tagged features with sizes below the diffraction limit of light 
and offer the ability to observe nanometer-scale objects.1–3 While super-resolution microscopies 
are powerful and indispensable research tools, they also require large and costly instrumentation, 
and thus there is a need to develop methods that are capable of simply observing the presence of 
a biological analyte, counting analytes with single-unit precision, or performing kinetic 
measurements of a biomolecular interaction without generating a high-resolution image of the 
proteins, viruses, or nucleic acids being studied. A further limitation of high-resolution 
microscopy methods is their extremely small field of view, which is insufficient for observing 
arrays of sensors or biomolecular binding events that may be distributed over many square 
millimeters of surface area. Therefore, there are compelling needs for technologies that can 
perform detection and visualization of individual nanometer-scale objects without necessarily 
obtaining high-resolution images of them. Such technologies may be more applicable than high-
resolution microscopy for applications such as point-of-care diagnostics, and as instruments to 
study fundamental biological processes at the unit level, in which the analytes interact with each 
other in a liquid environment. 
There has been enormous recent progress in the development of nanoparticles that have 
physical dimensions that are on the same size scale as biomolecules and viruses, opening the way 
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to tagging biomolecules or viruses with nearly 1-to-1 stoichiometry. Nanoparticles (NP) prepared 
from dielectric,4 semiconductor,5 metal,6–9 and magnetic10,11 materials have recently become 
important elements of biosensor technology due to their ability to prepare their surfaces with 
ligands that enable them to recognize specific target molecules, and their ability to interact with 
electromagnetic fields in useful ways. Magnetic NPs can be used to facilitate particle 
manipulation while at the same time providing a mass amplification tag for acoustic biosensors.12  
Likewise, metallic NPs, comprised of silver or gold, couple with external illumination sources to 
generate surface plasmons, which are used to enhance local electric fields on the NP surface.13,14 
While many biosensing approaches are capable of sensing the adsorption of large numbers of 
NPs,15 several approaches are capable of detecting the presence of a single NP, only if the 
particle is adsorbed to a specific active location.16–21 For these approaches, the majority of NPs 
that unfortunately land in an inactive region remain undetected. Due to the difficulty of directing 
analytes to precise locations on a substrate surface where a biosensor has sensitivity, an effective 
approach to overcoming this limitation is to utilize a biosensor surface in which the entire 
surface area is active as a sensor. Through the use of an imaging detection approach, the 
adsorption of analytes upon any region within the field of view may be measured. Imaging-based 
biodetection utilizing optical sensors has already been demonstrated using surface plasmon 
resonance,22–24 photonic crystal (PC) biosensors,25–29 and dielectric thin film interference 
sensors.30–33 In these approaches, NPs may be detected with the potential to observe the 
attachment of individual targets. Dark field microscopy is a useful tool for NP sensing, but with 
contrast that decreases as 1/r6 of the NP,9,34 and is not able to discriminate scattering centers that 
are not nanoparticles.35 Contrast for sensing NPs can be enhanced when their absorption spectra 
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can be coupled to dielectric high quality-factor (Q-factor) resonators35–37 or moderate Q-factor 
nanostructured surfaces.39 
Recently, ultrasensitive assay technologies with “digital” analyte precision have been 
introduced, and summarized in reviews.40,41 For example, the Simoa™ system by Quanterix,42 
uses an enzymatically amplified fluorescent reporter attached to antibody-functionalized micron-
scale magnetic beads isolated in 50-fl reaction chambers to achieve non-multiplexed fM-scale 
detection limits with a more complex protocol than enzyme-linked immunosorbant ELISA. 
Likewise, the Erenna immunoassay technology offered by Singulex claims 1 fM detection limits 
using functionalized magnetic microparticles, fluorescent dye tags, and a custom format flow 
cytometer, but is not capable of multiplexed assays. Both of these technologies require 
enzymatic amplification to achieve detection, representing the ability only to observe reaction 
endpoints, and an assay protocol that requires chemical amplification reagents. The use of NPs 
(rather than micron-scale beads) for capture and tagging of analytes represents a situation in 
which a single tag corresponds very closely to a single analyte (because the nanoparticles are 
nearly the same size as the biomolecules that they tag) for more accurate quantitation. Further, 
the NP can be simultaneously used as a capture agent and as an imaging contrast agent when 
combined with a sensing method with single-NP resolution, thus removing the need for 
enzymatic amplification processes that add time and complexity to assays. In fact, a major 
advantage shared by all the detection approaches is that the sensor generates an output 
instantaneously with NP capture, which results in immediate output and the capability for 
dynamically monitoring the accumulation of analytes to yield kinetic information about the 
processes taking place. This represents a major advantage over methods that require enzymatic 
amplification, which can only render a single result at the end point of an assay. 
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1.1 Surface Plasmon Resonance Imaging Microscopy 
Surface plasmonic resonance (SPR) imaging microscopy is a refractive index-based imaging 
technique with the capability to detect and characterize the properties of single nanoparticles. For 
SPR imaging, the sensing transducer is comprised of a glass slide that is uniformly coated with a 
thin layer of plasmonic metal (i.e., Au, Ag and Cu, etc.) which, when excited by a light source 
that matches the wavelength, angle, and polarization of the SPR coupling condition, generates 
traveling surface plasmon polariton (SPP) waves on the metal surface. A nanoparticle in close 
proximity to the metal surface will act as a highly localized scatterer, and therefore create a 
point-diffraction pattern on the surface plasmon wave, which can be directly captured and 
recorded using a CCD camera. 
The Kretschmann configuration for SPR imaging utilizes a prism for light coupling,43 
allowing incident light from a laser or LED to launch SPP waves onto the sensing surface.44 
However, prism-based systems can be physically bulky and limited in their spatial resolution, 
and their long working distance can produce image distortion.45,46 To address these issues, 
Huang et al. first demonstrated SPR imaging using a high numerical aperture objective, as shown 
in Figure 1.1a.47 Collimated and polarized light was focused on the back focal plane of the 
objective, which illuminated the gold-plated glass substrate at a specific angle as a collimated 
beam. Reflected light from the sample was recaptured by the objective and projected onto a CCD 
camera, resulting in imaging resolution close to the diffraction limit.  
Using this higher resolution, Wang et al. first reported the label-free detection, imaging and 
mass measurements of single viruses using an SPR imaging microscope in 2010.24 A variety of 
nanoscale particles, such as metallic nanoparticles,48 dielectric nanoparticles,49,50 protein 
nanoparticles51,52 and single DNA molecules53,54 have been observed with this system. In 
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addition, orthogonal and complementary measurement techniques, such as 
electrochemistry48,55,56 and local thermal measurement,57 have also be incorporated into the 
system. 
 
Figure 1.1. a, Configuration of a surface plasmonic resonance (SPR) imaging microscope.47 b, SPR image of a 
polystyrene nanoparticle at R = 85 nm. c, SPR images of polystyrene nanoparticles at R = 50 nm. d, Corresponding 
reconstructed SPR images with improved lateral resolution. e, SPR images of InfA and silica nanoparticles of 
different sizes. f and g Intensity profiles of the SPR patterns along X and Y directions, respectively. h, Frequency 
distribution of average single nanoparticle responses of hydrogel nanoparticles at the absence and presence of 2 μM 
of melittin.  
 
Similar to other SPR-based sensing techniques, the intensity of a single diffraction pattern in 
SPR imaging depends on the overall refractive index of the corresponding nanoparticle, and is 
therefore related to both nanoparticle size and material.58–61 In Figure 1.1e, silica nanospheres of 
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different sizes (98 nm, 150 nm and 205 nm) and influenza viruses were observed with an SPR 
imaging microscope, with the corresponding intensity profiles parallel to and perpendicular to 
the surface plasmon propagation direction shown in Figure 1.1f and g.24 It is worth noting that, 
although the size-dependent optical responses of these dielectric nanoparticles and viruses are 
not as large as those obtained from metallic or semiconductor nanoparticles,61,62 significant 
intensity variation among these nanoparticles can still be observed, especially near the center of 
the diffraction pattern. 
Compared with other non-imaging SPR techniques, SPR microscopy has the advantage that 
it can resolve each individual nanoparticle, and thus facilitate multiplexed nanoparticle analysis. 
SPR imaging microscopy is especially powerful in the field of polymeric and protein 
nanoparticle (PPNP) detection, where high throughput and high sensitivity real-time 
characterization of dielectric nanoparticles is required. Maley et al. recently utilized SPR 
imaging microscopy to characterize the size, material content and the inter-particle interactions 
of PPNPs, in which changes in the intensity of average single-nanoparticle SPRI  response 
(ΔRNP) at the center of the diffraction pattern are used to quantify the bioaffinity uptake of 
polypeptides and proteins by a variety of solid, porous PPNPs.52 Figure 1.1h shows the 
frequency distribution histogram of the SPR responses of NIPAm-based hydrogel nanoparticles 
(d  = 272 nm) in both the absence and presence of melittin. With the uptake of melittin, the 
hydrogel nanoparticles demonstrate an overall increase in absorption. By measuring the SPR 
responses of individual nanoparticles, SPR microscopy provides an overview of the extent of 





1.2 Interferometric Reflectance Imaging Sensor 
Interferometric Reflectance Imaging Sensor (IRIS) is a spectroscopic imaging biosensor 
approach which measures the interference of fields reflected from a surface comprised of a 
silicon dioxide layer on top of a silicon surface. IRIS has proven to be a high-throughput imaging 
technique for measuring binding kinetics on a sensor surface,63 and has been adapted to array 
formats for multiplexed assays. There are two distinct modalities for IRIS: low magnification to 
measures biomass accumulation and high magnification to digitally detect single nanoparticles 
and viruses. 
The first implementation of the IRIS system (low magnification) used a very expensive 
external cavity tunable laser source (~$20,000), an external photodetector, and the rotating glass 
discs as previously described. Furthermore, the limited spectral range requires the SiO2 layer to 
be 5 μm thick, thereby increasing the manufacturing costs of the wafers; also, the electronics of 
this system were bulky. The IRIS system has undergone several improvements since its first 
design, such as the switching of the laser source to a multi-wavelength LED source, which also 
eliminated the need for the rotating glass discs used to reduce laser speckle. The SiO2 thickness 
of the IRIS substrate was reduced from 5 μm to 500 nm resulting in a further decrease in the 
cost, size and complexity of the system.63 Such changes to the optical path of the IRIS system 
have enabled single-molecule detection capabilities in the high magnification SP-IRIS. 
Interferometric scattering microscopy (iSCAT) is a label-free platform capable of 
detecting, imaging and tracking the movement of single particles.64 Optical detection of gold 
nanoparticles smaller than 10 nm in diameter using interferometric approaches was reported by 
Lindorfs and colleagues in 2004.65 This technique relies on the measurement of scattered light 
from the sample using an optical microscope. Imaging in iSCAT is conducted in a reflective 
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geometry and follows the same concept of widely used techniques such as reflection interference 
contrast microscopy66 or interference reflection microscopy.67 iSCAT achieves improved 
sensitivity through the use of a coherent light source and optimized detection techniques.68 In 
iSCAT, a laser beam (445 nm) illuminates a glass substrate through an imaging objective, and 
the reflection from the substrate-water interface is used as a reference for interferometric 
detection.69 The nanoscale object of interest on the substrate and any inhomogeneities on the 
surface generate scattering, which is subsequently collected by the objective (Figure 1.2). Both 
the reference and scattering are captured by the CMOS camera as planar and converging 
spherical waves resulting in the interference since these two optical fields are coherent.70 In 
addition, combining the polarizing beam splitter with a quarter-wave plate ensures that the 
reflected and scattered light can be adequately extracted. The light intensity incident on the 
detector from the scattered and reflected light is given by the following equation:  
𝐼𝑑𝑒𝑡 = |𝐸𝑟 + 𝐸𝑠|
2 = |𝐸𝑖|
2(𝑟2 + |𝑠|2 − 2𝑟|𝑠| sin 𝜙) 
where 𝐸𝑟, 𝐸𝑠 and 𝐸𝑖 are the reflected, scattered, and incident electric field amplitudes,  𝑠 denotes 
the scattering amplitude,  𝑟 is the reflectivity of the interface, and 𝜙 denotes the combination of 
the reflected light field phase and the scattering phase.71 For weakly scattering particles, the 
scattering amplitude quickly approaches zero leaving only the interference term (2𝑟|𝑠| sin 𝜙). 
The CMOS camera observes essentially uniform illumination across the sample region due to the 
rapid scanning of the incident light by acousto-optical deflectors at a rate faster than the camera 
exposure time.65 The image from the camera is made up of small features visible against the 
background as a result of weakly scattering particles. Noise reduction is performed by the 




Figure 1.2. Schematic of the Interferometric scattering microscopy.72 Laser light is focused on the back focal 
plane of the high numerical aperture microscope objective. The reference and scattered light from the sample are 
reflected by a beam splitter and captured by a CMOS camera. 
 
A major advantage of the iSCAT technique is that it enables the detection of Rayleigh 
scattering of individual biomolecules in a straightforward manner without the use of labels. 
Furthermore, the signals obtained from single molecules show a single distribution of the 
maximum signal which is directly proportional to the mass of the analyte as compared to single 
molecule visualization techniques such as those based on plasmonics and or cavity-based 
resonance where signal can fluctuate between zero and some maximum, thereby making 
quantification difficult. This technology has been used to track the motion of proteins,64 and to 
measure the association/dissociation kinetics of biological analytes.70 Kukura et al. combined 
single-molecule fluorescence microscopy and iSCAT and were able to visualize the location and 
orientation of single quantum-dot-labeled Simian virus 40 (40 nm diameter) particles in real 
time.71 iSCAT has also been used to visualize the mechanisms involved in the formation of 
supported lipid bilayers (SLB) which has been difficult to observe.73 iSCAT enabled direct 
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observation of single vesicle adsorption and the subsequent transformation into a planar bilayer. 
The capability of this technique to detect and localize multiple particles down to a diameter of 5 
nm in a diffraction-limited spot shows potential for super-resolution without a fluorescence-
based imaging modality. A drawback of iSCAT is that minimal information can be obtained 
about the biomolecule beyond its molecular weight, and that nonspecific scattering can result in 
signals with high background when residual scattering cannot be controlled. 
 
1.3 Dark-Field Microscopy 
Dark-field microscopy has been utilized for many decades, and its capabilities were 
explored in the 17th century by Hooke, von Leeuwenhoek and Huygens.74 In 1903, Stedentopf 
and Zsigmondy developed a different type of dark-field microscopy, called the 
“ultramicroscope”, which made it possible to visualize gold nanoparticles with diameters smaller 
than 10 nm. Their microscope enabled them to observe and count single metal nanoparticles in 
liquid and estimate their size. They also studied the kinetics of particle coagulation and structure 
of a variety of heterogeneous systems.75 The capability for studying both hard and soft materials 
has resulted in widespread use of dark-field microscopy in material science and biology. 
There are many different types of dark-field microscopy that have been developed that 
share common features of detecting scattered light from a planar surface and suppressing 
featureless samples to render a dark image.76 Light scattered or emitted from the sample of 
interest is detected against a dark background, which can boost the signal-to-noise ratio of the 
image and allow the visualization of very small sample features. In conventional dark-field 
microscopy a light stop blocks the central part of the illumination light, which normally passes 
through and around the sample in bright field microscopy, thereby only allowing oblique rays to 
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hit the sample.77 In this arrangement, the light reflected or transmitted by the sample is not 
collected by the objective and the only light that will be collected is the scattered light from the 
sample against a dark background. The resolution of the system can be improved by using a high 
numerical aperture configuration of the objective/condenser lens pair.  
Dark-field microscopy can be coupled to an imaging monochromator and a camera in 
order to measure the Rayleigh scattering spectra from single particles.78 For nanoparticles made 
of metals such as gold or silver, the resultant spectrum is dominated by localized surface 
plasmon resonance (LSPR) whereby an increase in the optical absorption and scattering is noted 
at a resonant frequency when the oscillation of electrons is confined by the nanoscale size of the 
particle.79 The resonance of these nanoparticles is extremely strong and their absorption and 
scattering are many times greater than those resultant from their geometry alone, making them 
useful as a non-bleaching label for optical imaging of biomolecules of interest.80 
 
1.4 Photonic Resonator Absorption Microscopy (PRAM) 
PRAM, also named Photonic Crystal Enhanced Microscopy (PCEM), allows the 
visualization of nanoparticles in the evanescent field on the photonic crystal surface.  Chen et al. 
described the technique with the goal of providing a label-free imaging method for cellular 
attachment, detachment, and differentiation;81–83 however, Zhuo et al. further demonstrated the 
ability to use this non-modified one-dimensional PC to provide a spatially resolved reflectance 
image of a 50 μm × 50 μm area capable of detecting individual titanium and gold nanoparticles.84 
PRAM is comprised of a fiber-coupled LED collimated and polarized so as to illuminate 
the PC with light with its electric field vector oriented orthogonal to its grating structure. This 
illumination is focused to a line on the sensor surface, and the light is reflected to the imaging slit 
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of a spectrometer, thereby providing the resonance spectrum for each point along the 
illumination line (Figure 1.3a). By moving the PC sensor with a linear stage, a line-scanned 
image can be generated, providing a 2D spatial image with complete reflected spectrum at each 
effective pixel. Zhuo et al. demonstrated that the resolution of these images is sufficient to 
identify single-particle attachment via two different alterations to the resonance peak: a 
bathocromic shift of the peak wavelength value (PWV) resulting from an increase in the 
effective refractive index of the PC sensor due to particle attachment, as well as a decrease in the 
peak intensity value (PIV) due to particle outcoupling or absorbance from the waveguide. To 
demonstrate single binding events, the PC sensor was coated with anti-rabbit IgG, and gold 
nanorods were coated with rabbit IgG antibodies. Individual particle attachment events were 
observed and analyzed (Figure 1.3b–d). 
 
1.5 Super-Resolution Microscopy with Microspheres (SMON) 
Several demonstrations of white light super-resolution microscopy using microspheres have 
been recently reported in the literature, and provide a possible opportunity for digital particle 
detection; however, much of the work in this area has been focused on understanding, modeling, 
and optimizing the technique.85–87 Li et al. describe microsphere-based detection of 
nanoparticles.88 They discuss the mechanism behind this super-resolution microscopy as one 
based upon the conversion between near-field evanescent waves and far-field propagating 
waves; briefly, collimated illumination from beneath the sample passes through the sample and 
into the microsphere where it is focused, and some of that focused light is reflected by the second 
interface of the microsphere and an aqueous solution (Figure 1.4a). This light is refocused by the 




Figure 1.3. Photonic Crystal Enhanced Microscopy. a, Schematic diagram of a nanoparticle attached to a PC 
surface. Inset: photo of a PC fabricated on a glass cover slip. b and c, Photonic Crystal Enhanced Microscope 
(PCEM) detection of randomly distributed TiO2 nanoparticles showing peak wavelength value (PWV) and peak 
intensity value (PIV) shift images, with representative spectra shown in d. e, Representative spectra of an Au 
nanoparticle showing PWV and PIV shifts. f, PIV images of Au nanoparticles randomly distributed with a profile 
view of a single line scan showing clear spatially resolved PIV dips of two nanoparticles. 
 
By reversing this optical path, light scattered from the sample can be converted into 
propagating waves that are collected by a standard microscope objective. It is worth mentioning 
that other mechanisms for the observed super-resolution phenomenon have also been reported.86 
Regardless of the fundamental mechanism, Li was able to demonstrate the ability to resolve 75-
nm adenovirus particles via this technique (Figure 1.4b). Though not used to measure individual 
particles, the possibility exists to use such a super-resolution technique for digital particle 





Figure 1.4. Super-Resolution Microscopy with Microspheres (SMON). a, Schematic of SMON instrument 
showing reflective and transmissive illumination and the location of both specimen and microsphere. b, 
Representative SMON image showing adenovirus clusters in solution.  
 
1.6 Liquid Biopsy for Early Cancer Diagnostics 
The development of rapid and cost-effective diagnostics is essential for disseminating 
technologies for clinical applications in broad point-of-care settings.89 The prominent rise of 
liquid biopsy approaches to establish early disease detection, monitoring of treatments, 
prognostication and predicting pre-treatment outcomes further emphasizes the need for 
inexpensive high-performance assays.90  
Among the numerous analytes in blood, circulating miRNA is an intriguing biomarker, 
with several studies correlating miRNA amount and variance to a cancer type and metastatic 
state.91–94 However, the standard protocol of whole blood RNA isolation and purification prior to 
identification by quantitative reverse transcriptase qRT-PCR is labor-intensive, requires 
amplification, and can suffer from target biases.95 Alternatively, microarray diagnostics exhibit 
low selectivity and limited dynamic range96 and sequencing approaches require elaborate sample 
processing, expensive equipment, long wait times, and bioinformatic expertise, all of which limit 
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their point of care use. Electrochemical and single molecule approaches are capable of 
ultrasensitive (< 1 pM)97 and amplification-free miR detection with a simple read-out.98–100  
However, developing a diagnostic that is ultrasensitive and highly selective is necessary 
to effectively discriminate low concentrations of similar-sequence nucleic acids. Furthermore, a 
diagnostic assay that does not require enzymatic amplification, pre-incubation, or washing is 
desirable for point-of-care use. To address these limitations, we report here a simple biosensor 
platform for miR that is capable of rapid digital signal accumulation with a wide dynamic range 




CHAPTER 2: DETECTION PRINCIPLES 
 
Two amplification processes are involved for the detection of miR-375 sequences: First, 
the gold nanoparticle tags on the photonic crystal surface can be viewed as a plasmonic-photonic 
hybrid system, exploiting the high spatial mode energy density of nanoparticles as well as the 
large spectral mode density from the photonic crystal waveguide. With the hybrid plasmonic-
photonic effect, the absorption cross-section of nanoparticles is significantly enhanced, allowing 
bright-field visualization of nanoparticles using low NA objectives; secondly, the DNA-probe 
sequences on the nanoparticles are optimized such that the hybridization of a mutated miR-375 
to a probe DNA sequence is thermodynamically unfavorable, therefore enabling high capturing 
specificity. 
 
2.1 Plasmonic-Photonic Hybrid Resonator 
By integrating plasmonic nanoparticles with photonic resonators, synergistic interaction 
of the hybrid system could further increase the local field intensity of the plasmonic 
nanoparticles, provided that the Q-factor matching condition is satisfied.101,102 
Here we explore the synergistic hybrid system of gold nanoparticles and the photonic 
crystal grating substrate, as illustrated in Figure 2.1a. The photonic crystal grating has two 
intrinsic resonance cavities: a broadband Fabry-Perot cavity and a narrowband PC guided 
resonance (PCGR). The FP cavity resonance is demonstrated on the reflection spectrum as 
broadband ripples caused by thin film interference. On the other hand, similar to Bragg grating, 
the resonance condition for PCGR depends on the incident angle as well as the excitation 
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wavelength. Figure 2.1b shows the far field reflection spectrum of the photonic crystal as a 
function of launch angle. 
In brief, the near-field enhancement of the plasmonic nanoparticles is amplified by the 
photonic crystal substrate by the following processes:39 
1. The PCGR resonance could effectively collect incident light with matched launch 
angle, then through near-field coupling, feed the nanoparticles with enhanced excitation (usually 
at least 1 order of magnitude higher than incident light intensity). 
2. The scattered light from the nanoparticles can be captured and then be recycled by the 
low-loss FP cavity. 
Figure 2.1c and d demonstrate the effect of a Q-factor matched nanoparticle on the 
reflectance efficiency and the average surface electric field intensity of the PC substrate at 
normal incidence. The electric field intensity spectrum demonstrates the synergistic effect of the 
two on-resonance components, which leads to a local field intensity approximately 2 orders of 
magnitude higher than those of the separate entities alone. On the other hand, if we maintain the 
normal incidence, yet alter the excitation wavelength, the PCGR can be selectively deactivated 
while the broadband FP resonance remains. Figure 2.1e and f compare the electric field intensity 
profile under the two scenarios. It can be observed that although the FP cavity could channel a 
certain portion of the radiation energy to the nanoparticle, such enhancement is generally several 




Figure 2.1 a, Schematic of the synergistic nanoparticle-photonic crystal hybrid system for enhanced absorption.39 
The photonic crystal is a 400 nm periodic SiO2 grating structure coated with 60 nm of TiO2. b, Simulated dispersion 
(reflection) spectrum of PC device for incident light of p-polarization. c, Simulated far-field reflectance and d, 
averaged near-field intensity of the hybrid system. The right column shows the electric field distribution profile of 
the hybrid resonance under normal incident light at (e) 631 nm and (f) 640 nm. 
 
To validate the synergistic coupling between the gold nanoparticle (in this case, gold 
NanoUrchins) and the PC grating substrate, numerical simulations were performed to calculate 
the enhanced electric field in the presence of both photonic and plasmonic components.  
For the calculation of enhancement factor and absorption cross section of the AuNP-PC 
hybrid system, three-dimensional finite-element time-domain simulations were performed with a 
commercially available software (FDTD Solutions, Lumerical). The structural details of the 
photonic crystal grating are defined according to measurement results from SEM images. For 
simplicity we equate the duty cycle of the TiO2 and that of the SiO2 substrate to be 50%. The 
structural parameters of the AuNP are extracted from SEM images of the actual AuNP in use for 
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the experiment, with the radius of core determined as 50 nm and tip height of 25 nm. The 
refractive index of gold was based on the Johnson and Christy model. The refractive indexes of 
TiO2 and SiO2 were assumed to be constants (nTiO2 = 2.44, nSiO2 = 1.45), since they are weakly 
dispersive in the spectrum of interest. The refractive index of the glass substrate was provided by 
the manufacturer (nglass = 1.51). A non-uniform mesh was applied to the simulation region (3 
periodic structure of PC), with a maximum resolution of 0.1 nm. The density of AuNP on the PC 
surface was approximately 1/µm2 in order to prevent interparticle crosstalk.  
The simulation results are presented in Figure 2.2a to c, where the synergistic coupling 
effect can be clearly observed through the enhancement factor, which is greater than either of the 
separate systems. In addition, such synergistic coupling effect is sensitive to the excitation 
wavelength and angle of incidence, as shown in Figure 2.2d and e. 
 
2.2 Toehold-Mediated miRNA Detection Scheme 
As shown in Figure 2.3a, the components of the assay are (i) DNA-AuNP, (ii) miR-375, 
(iii) excess protector (Po), (iv) PC-DNA capture surface, and (v) the buffer solution. The 
preparations of (i) and (iv) were conducted by a commercial conjugation kit and an established 
surface DNA functionalization protocol, respectively. The assay is performed by mixing a 
constant amount of DNA-AuNPs with a defined concentration of miRNA in a PC-adhered 
PDMS well (10 µL). Immediately following the introduction of miR-375, a 50×50 mm2 PC 
surface area is scanned (0 hours) and is rescanned at a 30-minute interval up to 2 hours. 
The DNA conjugated to the AuNP is a toehold-mediated strand displacement probe 
specific for miR-375. To ensure mismatch selectivity and binding sensitivity, we employed two 




Figure 2.2 Near-field intensity simulation of the plasmonic-phonic hybrid system. A comparative study of the 
synergistic coupling effect of the AuNP-PC hybrid structure. a - c, Simulated near-field intensity distribution of the 
hybrid system and the individual photonic/plasmonic component under resonance at normal incidence. By 
comparing a, b and c, it can be observed that the presence of AuNP slightly lowers PCGR’s overall field intensity, 
and in turn significantly enhances the electric field intensity across the AuNP surface. d and e illustrate the 
sensitivity of the plasmonic-photonic hybrid system towards incidence angle and excitation frequency. The 
maximum near-field intensity in d is 2164, which is less than one-third of that in a. 
 
 reaction DG0 between the probe and miR-375 to be approximately zero (in this case, Δ𝐺0(miR-
375) = −1.36 kcal/mol). Under this circumstance, the average energetic penalty of a single 
mismatch is larger than the free energy gain of the perfect match (in this case, Δ𝐺0 (mismatch) 
≥ −0.37 kcal/mol), thereby limiting the off-target binding. 
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The webtool NUPACK was used to design a probe-protector duplex with limited 
hybridization free energy gain to miR-375. NUPACK generated protector-probe duplex is 
predicted to interact with miR-375 with a small but favorable energy gain. To further drive down 
the energy of the reaction, we add a stochiometric excess of the protector strand (strand 
displacement product) to achieve Δ𝐺0 ⟶ 0, as expected by Le Chatelier’s principle. 
 
Figure 2.3 a, Detection scheme for miR-375 using the plasmonic-photonic hybrid sensing system. b, PIV image 





CHAPTER 3: INSTRUMENTATION AND METHODS 
 
In this chapter, the detailed experiment instrumentation as well as sample preparations, 
including gold nanoparticle conjugation and PC surface functionalizations, will be discussed. 
 
3.1 Line Scanning Spectromicroscope 
As shown in Figure 3.1, a line-scanning spectromicroscope was programmed to acquire 
the resonant reflectance spectrum of each pixel within the field-of-view. The main body of the 
instrument is based on a standard inverted microscope (Carl Zeiss Axio Observer Z1). A 
broadband fiber-coupled LED (Thorlabs M625F2, output power 15 mW) is used as the 
illumination light source. After passing through a collimating lens (Thorlabs F810SMA-635), the 
light beam is linearly polarized to ensure TM-polarized illumination on the PC surface. A 
cylindrical lens (Thorlabs LJ4667RM-A, f=200 mm) then focuses the beam onto the back focal 
plane of the 40x objective (Zeiss LD Plan-Neofluar 40x/0.6 NA), allowing a focused 
illumination on the PC surface in the plane parallel to the grating structure and a collimated 
excitation in the plane transverse to the grating structure.  
Under normal incidence, the width of the focused light beam on the sample plane is about 
1 µm. The reflected light from the sample, after passing through the 50/50 beam splitter, is 
projected through the side port of the microscope onto a 3x magnification relay lens group as the 
coupler between the inverted microscope and the imaging spectrometer (Princeton Instrument, 
Acton SpectraPro-2500i). Dispersed by the diffraction grating of the spectrometer, the reflected 
light is eventually focused on the CCD camera mounted at the exit port, producing a spatially 
resolved spectrum for each point on the illuminated line. To acquire a continuous image over 
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certain region on the PC surface, a motorized sample stage (Applied Scientific Instruments, 
MS2000) translates the PC along the y-axis with an increment of 0.15 µm, while the CCD 
camera captures the reflection spectra of each imaged line synchronously. CL, collimating lens; 
LP, linear polarizer; CYL: cylindrical lens; BS, beamsplitter; OBJ, objective; TL, tube lens; L1, 
L2, relay lens group. 
 
Figure 3.1. Optical instrumentation of the line-scanning spectromicroscope. 
 
3.2 Image Processing and Nanoparticle Counting Algorithm 
As shown in Figure 3.2, upon the acquisition of the resonant reflection spectral peak of 
each pixel within the field of view, a spectral deconvolution algorithm is applied to extract the 
resonant wavelength and the corresponding reflection intensity of the PC (or potential PC-NP 
hybrid system). Each reflection spectrum is deconvoluted into two Lorentzians (one centered at 
617 nm, representing the contribution from the LED light source, while the central wavelength of 
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the other Lorentzian is a variable to be fitted, representing the reflected signal from the sample). 
Depending on which feature is in use, two imaging modalities can be obtained from one single 
image acquisition: peak intensity value (PIV) image and peak wavelength value (PWV) image, 
each representing the absorption efficiency and the resonance condition of each pixel within the 
sampled region. For PIV images, the height of the PC resonance peak in the reflection spectrum 
was attributed to each pixel in question, and vice versa for PWV images. Finally, a notch filter 
mask in the Fourier space is applied to remove nonuniformity in the background caused by line-
scanning. 
Nanoparticles in the PWV image are detected based on binarization of the image, with 
the threshold determined as half of the maximum contrast. The contrast of each image was 
normalized using Contrast Limited Adaptive Histogram Equalization (CLAHE).103 Most of the 
defects from the background can be removed by a simple dilation and erosion operation. A 
watershed algorithm was applied to each detected nanoparticle pattern to discern clustered 
nanoparticles. 
 
3.3 Photonic Crystal Grating Structure Fabrication 
The 200 mm diameter PC substrate glass wafers were purchased from Corning (0.7 mm 
Eagle XG display grade glass). A 10 nm etch stop layer of Al2O3 was deposited on the glass 
substrate. The periodic grating structures were fabricated by depositing a layer of SiO2 followed 
by large-area ultraviolet interference lithography performed by a manufacturer (Moxtek, Orem, 
Utah). The etched wafers were then coated with a cladding layer of TiO2. Finally, the wafers 





Figure 3.2 Processing and counting algorithm for PRAM-acquired nanoparticle images. a, Peak Intensity 
Value (PIV) image and b, Peak Wavelength Value (PWV) image of attached nanoparticles, obtained by assigning 
the reflection peak intensity/wavelength to each pixel within field of view. Since nanoparticles in PWV images 
demonstrate sharper features than those in PIV images, we use PWV images for nanoparticle quantification. As the 
first step we apply Contrast Limited Adaptive Histogram Equalization (CLAHE) algorithm to normalize the contrast 
of PWV images. c and d compare the PWV images and the corresponding pixel intensity histograms before and 
after applying CLAHE. The normalized image is then Wiener filtered, followed by a simple binarization with a 
threshold of half the maximum pixel intensity as a rudimentary segmentation (left panel in e). To remove 
background noise, dilation and erosion are then applied to the binarized image (middle panel in e). The overlapped 
image (right panel in e) of segmentation results (colored in yellow) and the normalized PWV image demonstrate the 
efficiency of the binarization. Finally, to eliminate the inaccuracy caused by nanoparticle clusters, we consider the 
local maxima within each segmented pattern as the indicators of individual nanoparticles, as shown in f. At this 
stage, a watershed algorithm determines the amount of detected nanoparticles presented in the image, as shown in g. 
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3.4 Nucleic Acids Sequences 
The oligonucleotides used in the experiments were purchased from Integrated DNA 
Technologies (Coralville, Iowa). The probe sequence is functionalized with dithiol group on 3'-
end, followed by high-performance liquid chromatography purification. The PC capture includes 
a 3’-amine for PC surface functionalization. The sequences of the oligonucleotides are shown in 
Table 3.1. 
Table 3.1 Sequences of Oligonucleotide Used in miRNA-375 Detection. The DNA/RNA sequences used in 
miRNA-375 detection are listed in the table and are purchased from IDT. The probe sequence is functionalized with 
dithiol group on 3'-end as denoted by /3DTPA/, followed by HPLC-purification. The PC Capture sequence is 
functionalized with an amino group on 3'-end as denoted by /3AmMO/. 
 
DNA/RNA Sequence (5' - 3') 
miR-375 UUU GUU CGU UCG GCU CGC GUG A 
Single-Nucleotide Polymorphism  
          1st Nucleotide Mutation (MM1) CUU GUU CGU UCG GCU CGC GUG A 
          5th Nucleotide Mutation (MM5) UUU GAU CGU UCG GCU CGC GUG A 
          12th Nucleotide Mutation (MM12) UUU GUU CGU UCC GCU CGC GUG A 
          18th Nucleotide Mutation (MM18) UUU GUU CGU UCG GCU CGA GUG A 
          22nd Nucleotide Mutation (MM22)  UUU GUU CGU UCG GCU CGC GUG C 
Probe 
CCC ACC TAC ATC ACG CGA GCC GAA 
CGA ACA AAA AAA/3DTPA/ 
Probe Protector GTT CGG CTC GCG TGA TGT AGG 




3.5 AuNP Surface Modification 
A maleimide gold NanoUrchin conjugation kit (Cytodiagnostics, Burlington, Ontario) 
was used for synthesizing probe DNA activated AuNPs. A 50:1 (Probe:AuNP) stoichiometry 
was used during the conjugation ([AuNP] = 1.3 × 10-10 M). A 50 µL volume of dithiol modified 
probe oligonucleotide (100 µM) was reduced in 5 mM of dithiothreitol (Sigma-Aldrich) made up 
in 1× TE buffer (Sigma-Aldrich), followed by 4 times extraction using ethyl acetate (Sigma-
Aldrich). The extracted probe oligonucleotide solution was redispersed using kit-provided 
reaction buffer (90 µL) so that the final concentration was 6.4 nM. The probe was added to the 
lyophilized maleimide gold NanoUrchin, and incubated for 1 h at room temperature while 
mixing gently in a rotator to ensure sufficient reaction of AuNPs to probe oligonucleotides. 10 
µL of the kit-provided quencher solution was added to the mixture and incubated for another 15 
minutes. Conjugated AuNPs were separated from the supernatant (30 minutes centrifugation at 
300 g) and dispensed with 100 µL of 1× TE buffer solution containing 12.5 mM MgCl2 (Sigma-
Aldrich) and 0.025 % TWEEN-20 (Sigma-Aldrich). 
The conjugated AuNP solution was annealed to a stoichiometric amount of protector 
oligo, with the desired energetic tuning determining the exact ratio. The oligos were annealed at 
80 °C for 2 min and cooled by 0.5 °C every 30 seconds to 18 °C (Eppendorf 5331 MasterCycler 
Gradient Thermal Cycler). The final protector-annealed DNA-AuNP product was stored at 4 °C 
until use. 
 
3.6 Photonic Crystal Surface Functionalization 
PC chips were sonicated in acetone (Sigma-Aldrich), isopropyl alcohol (Sigma-Aldrich) 
and deionized water respectively for 2 minutes and dried under a stream of compressed nitrogen, 
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followed by a 200 W oxygen plasma treatment at a pressure of 500 mTorr for 10 minutes using a 
Pico Plasma System (Diener electronic, Germany). In a glass reaction chamber, (3- 
Glycidoxypropyl)trimethoxysilane (GLYMO, Gelest, Morrisville, Pennsylvania) was vapor-
deposited on the PC surface in a vacuum oven at a temperature of 80 °C under 30 Torr for at 
least 3 hours. For each PC chip in vapor-deposition, 100 µL of GLYMO was added in the 
containing glass reaction chamber. The deposited PC chips were removed from the oven and 
sonicated in toluene (Sigma-Aldrich), methanol (Sigma-Aldrich) and deionized water 
respectively for 2 minutes, and nitrogen dried. For the DNA functionalization of a 1 cm2 PC 
surface, a volume of 20 µL amino-terminated PC capture oligo dispersion in 1× TE buffer was 
redispersed into 180 µL of 1× TE buffer containing 0.05 % TWEEN-20 (pH = 9.0), and 
dispensed on the GLYMO-deposited PC surface. After 8 hours of incubation at room 
temperature, the PC chips were rinsed by a gradual decrease of TE buffer concentration from 1× 
to 0.01×. The final PC chips were sealed in a Petri dish container and stored at 4 °C until use. 
Immediately before use, SuperBlock (in TBS) blocking buffer (ThermoFisher Scientific) was 
added for 5 minutes and washed using 1× TE buffer. 
 
3.7 Pooled Human Plasma RNA Extraction 
RNA from pooled healthy human plasma (Innovative Research) was extracted using 
TRIzol™ LS Reagent (Invitrogen) using the recommended protocol. 0.75 mL of TRIzol™ LS 
Reagent (Invitrogen) was added to 0.25 mL of plasma, and samples were incubated for 5 min at 
room temperature. 0.2 mL of chloroform was then added and allowed to incubate for an 
additional 3 min. Samples were then centrifuged at 12,000 × g for 15 min, and RNA in the 
aqueous phase was transferred to a new tube. 0.5 mL of isopropanol was then added and 
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incubated for 10 min to precipitate RNA. Samples were then centrifuged for 15 min at 12,000 × 
g at 4°C, and the supernatant was removed. RNA was then washed twice with 75% ethanol and 
centrifuged for 5 minutes at 7500 g at 4 °C. The supernatant was then removed, and samples 
were air dried for 10 min. RNA was then resuspended in RNAse free water and was stored at 




CHAPTER 4: DETECTION RESULTS 
 
Following recent work elucidating miR-375 as a prognostic clinical biomarker in 
castration-resistant prostate cancer, we selected miR-375 to test our diagnostic platform.104 The 
photonic crystal used here is a subwavelength periodic grating structure which is highly sensitive 
to the presence of plasmonic nanoparticle surface binding in its evanescent field when the 
photonic crystal resonance wavelength and the plasmonic nanoparticle resonance are matched,105 
as shown in the simulated spectrum of the plasmonic particle and the photonic crystal biosensor.  
The miR-specific DNA probe is stoichiometrically conjugated to a 100 nm diameter 
AuNP, creating a miR plasmonic tag with a localized surface plasmon resonance wavelength of 
~625 nm, which coincides with the PC resonant wavelength. Activation of the DNA-AuNP tag  
by the miR initiates at a 7-base toehold (Figure 4.1b) site and leads to the strand displacement of 
a probe protector strand106 (Figure 4.1c). The loss of the protector DNA exposes an additional 
probe sequence that stabilizes binding to the surface 10-base PC capture DNA (Figure 4.1d). 
Following target (miR) “activation”, individual (i.e., digital) AuNP tags are bound (Figure 4.1e). 
Single bound particles demonstrate localized enhanced light absorption which produces a 




Figure 4.1. Components of the toehold DNA-AuNP and miRNA detection by photonic crystal biosensors. 
DNA hybridization probes are conjugated to 100 nm diameter gold nanoparticles (AuNPs). a, The gold-conjugated 
DNA probe (green) is bound by a partially complementary protector (blue) preventing binding to the photonic 
crystal sensor (purple/blue structure). b, miRNA (red) binds at the probe toehold, (c) resulting in strand 
displacement of the protector and exposing additional probe sequence which (d) stabilizes probe binding to the 
photonic crystal capture DNA on the biosensor surface. The free energy of the activation reaction can be tuned by 
the protector (blue) stoichiometry, thus enhancing mismatch selectivity. e, Bound particles can be measured by a (f) 
shift in the photonic crystal resonance wavelength. All images are not to scale. The photonic crystal absorption 
microscopy (PRAM) assay images the number of surface-captured particles over time (after miRNA addition). 
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By matching the AuNP surface plasmon resonance to the PC guided resonance (PCGR) 
wavelength, the synergistic coupling between the two resonators results in a drastically enhanced 
AuNP absorption cross section39 (Figure 4.2). Specifically, the PCGR efficiently collects 
incident and particle-scattered light, thereby providing the AuNP with increased excitation 
through near-field coupling. Further, we apply AuNPs with a protruding tip morphology (Figure 
4.3a) which allows for improved light harvesting across the particle surface.107 In contrast to gold 
nanorods which demonstrate orientation-dependent enhancement upon PC binding,39 the AuNPs 
used herein demonstrate isotropic enhancement.  
 
Figure 4.2. Enhanced AuNP absorption cross section by PCGR. The bare AuNP in simulation has a broadband 
plasmonic absorption peak with a central wavelength at 607 nm. The presence of PCGR significantly enhances the 
absorption cross section at the resonance wavelength (628 nm). 
 
The numerical simulation in Figure 4.3b demonstrates the near-field intensity distribution 
of the PC-AuNP system with ~104 field enhancement at the AuNP sharp tip features and is 
shown to be sensitive to the incident angle and wavelength (Figure 2.2). The strong AuNP light 
absorption results in an easily measurable, localized reduction in PC reflection intensity (∆I) 
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(Figure 4.3c). Moreover, the formation of the AuNP-PC hybrid alters the resonance reflection 
wavelength (∆) due to hybrid coupling between the SPR and PCGR39,84 (Figure 4.3c). The 
reflection wavelength shift (∆) is observable for each surface-attached AuNP (Figure 4.3d), 
thereby allowing for “digital” AuNP optical quantification by the virtue of PRAM.  
 
Figure 4.3. Gold nanoparticle-photonic crystal structure and coupling behavior. a, Scanning electron 
microscopy (SEM) image of probe conjugated gold nanoparticles (100 nm) bound to the photonic crystal biosensor. 
b, Finite-difference time-domain (FDTD) simulation of near-field intensity distribution of the gold nanoparticle-
photonic crystal hybrid. c, Simulated reflectance spectrum of the photonic crystal (PC) alone (blue) and the gold 
nanoparticle-photonic crystal (AuNP-PC) hybrid (red). According to simulation, hybrid formation results in a 
reflectance peak wavelength shift (∆) to 628 nm from 625 nm and a reflectance peak intensity drop (∆I). d, The 
experimental 2D grey-scale photonic resonator absorption microscopy image (top left) is represented in the 3D 
contour plot demonstrating the individual gold nanoparticle peak wavelength shifts. 
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The DNA conjugated to the AuNP is a toehold-probe specific for prostate cancer 
biomarker miR-375. Following recent guidelines in robust probe construction,106 we designed 
the reaction free energy (∆Grxn) between the DNA probe and miR-375 to be approximately zero 
(∆Grxn  0). At ∆Grxn  0 the average energetic penalty of a single mismatch is larger (∆∆G) than 
the free energy gain of the perfect match, thereby limiting the off-target binding. We used the 
webtool NUPACK108 to design a probe-protector duplex with limited, but still favorable, 
hybridization (reaction) free energy gain to miR-375 (Table 4.1). As expected by Le Chatelier’s 
principle, we add a stoichiometric excess of the protector strand (strand displacement product) to 
further tune the reaction towards ∆Grxn  0.
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4.1 Dose Response Curve 
The solution components of the assay are (i) DNA-AuNP, (ii) miR, (iii) excess protector 
(Po), (iv) PC-DNA capture, (v) and buffer. The assay is performed by mixing a constant amount 
of DNA-AuNP with a defined concentration of miR in a PC-adhered PDMS well (~10 L/well). 
Immediately following the introduction of miR-375, a 50x50 m2 PC surface area is scanned at a 
30-minute interval for up to 2 hours (Figure 4.4a). The PC-bound AuNPs are resolvable at single 
particle digital resolution (Figure 4.4b). To determine the particle count over time we used a 
watershed algorithm. Figure 4.4c shows the quantified AuNP counts over time as a function of 
serially diluted miR-375 concentration, with 100 aM and 10 pM representing the lowest 
(excluding no miR) and highest concentration measured, respectively. We interpret the 
increasing count time-course to be the result of the coupled kinetic dependence of the toehold 




Table 4.1 Standard Free Energy of Hybridized Structure and Strand Displacement Reaction. The standard 
free energies (∆G°) of all the hybridized structures involved in the experiment are obtained using webtool 
NUPACK, as shown in the upper table. The temperature of the simulation is set to be 25 °C, with 0.05 M Na+ and 
0.0125 M Mg2+. Based on the standard free energies ∆G° listed in the upper table, the reaction standard free energy 
∆Grxn° for each strand displacement process can be obtained as shown in the lower table. Abbreviations: P, 
protector; C, probe; T, target (miR-375). 
 
Hybridization Structure Standard Free Energy 𝐆 
∘ (kcal/mol) 
Protector-Probe (PC) -36.06 
miR-375-Probe (TC) -37.42 
MM1-Probe (MM1C) -36.43 
MM5-Probe (MM5C) -33.85 
MM12-Probe (MM12C) -31.71 
MM18-Probe (MM18C) -32.80 
MM22-Probe (MM22C) -36.43 
 
Strand Displacement Reaction Standard Free Energy 𝚫𝐆𝐫𝐱𝐧
∘  (kcal/mol) 
T + PC ⇌ TC + P -1.36 
MM1 + PC ⇌ MM1C + P -0.37 
MM5 + PC ⇌ MM5C + P 2.21 
MM12 + PC ⇌ MM12C + P 4.35 
MM18 + PC ⇌ MM18C + P 3.26 






Figure 4.4. Kinetic discrimination of miR-375 concentration using PRAM. a, Peak wavelength grey-scale image 
panel demonstrates digital resolution of activated AuNPs as a function of miR-375 concentration (columns) over 
time (rows). Background (1st column) scans represent the no miR-375 control. b, Expanded single tile from (a) 
(dashed tile) with added identifiers (yellow arrows) of representative single AuNPs. c, Quantification of particle 
count as a function of miR-375 concentration at 2 hours. Blank represents the no miR-375 control. Each data point 
represents the average of 3 independent experiments. Error bars represent the standard errors. 
 
4.2 Specificity Tests 
To test for selectivity, we investigated 5 different single mismatch variants (SNVs) of 
miR-375, represented by MMx (x = mismatch position counted from 5'-end) in the PRAM assay. 
Figure 4.5a demonstrates that all 5 SNVs resulted in a dramatic decrease in particle count over 
time, with a range of ~83 – 94% signal reduction at 2-hours (Figure 4.5b). The complete time 
course SNV image panel is shown in Figure 4.6. MM1 (U > C) demonstrated the highest count, 
which we interpret to be the result of the low terminal mismatch penalty. Therefore, irrespective 
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of the 1st-base penalty, strand displacement is driven forward by the nucleation to the remaining 
6 bases of downstream toehold. Additionally, we observed less than 60 AuNP counts at the 2-
hour scan for all SNVs tested, which is less than the background (no miR) count of ~175 counts 
presented in Figure 4.4b. This may hint that the SNVs non-specifically bind to the PC capture, 
the AuNP surface, or conjugated probe. In either case, this would present a kinetic barrier to 
stable AuNP surface binding, thereby lowering the observed count.  
Although an ~83% reduction is acceptable, we investigated whether we could further 
increase the binding discrimination between miR-375 (perfect match) and MM1. To do so, we 
used a previously developed method of stoichiometric protector tuning to improve the reaction 
yield between the mismatch and perfect match.109 With a known mismatch ∆∆G (calculated by 
NUPACK), optimal perfect match versus mismatch discrimination occurs at a perfect match 
∆Grxn  - 
1
2
∆∆G. Following this, we calculated the optimal protector stoichiometry (Table 4.2) for 
MM1 discrimination. Figure 4.5c demonstrates the improved PM discrimination from ~5.6 to 
~6.7-fold above MM1, using the protector stoichiometric tuning approach. The tuned protector 
stoichiometry is lower than the stoichiometry used in the ∆Grxn  0 strategy (Figure 4.5b), 
thereby making both the perfect and mismatch reactions more favorable, as seen by the count 
increase in both target cases (Figure 4.5c). To this end, the tuned perfect match case resulted in 




Table 4.2 Stoichiometric Tuning for Perfect Match and SNVs. Following the Zhang method,109 we calculate the 
needed protector stoichiometry to achieve the desired reaction free energy by solving ∆Grxn = ∆Grxn° + 
ln([P]/[C])/RT. To tune the reaction free energy (∆Grxn ) for the perfect match miR-375 to zero, we apply 9.93 
equivalents of protector (P) to 1 equivalent of probe (C). For better differentiation of mismatches, the same principle 
can be applied with the reaction free energy ∆Grxn tuned to -∆∆G°/2 for each SNV. 
 
Mismatch Location 𝚫𝐆𝐫𝐱𝐧
∘  (kcal/mol) 𝚫𝚫𝐆 
∘ (kcal/mol) [P]/[C] 
Ref. -1.36 - 9.93 
1 -0.37 0.99 4.31 
5 2.21 3.57 0.48 
12 4.35 5.71 0.08 
18 3.26 4.62 0.20 
22 -0.37 0.99 4.31 
 
 
To test the binding stringency of DNA-AuNP for miR-375, we measured a serially 
decreasing concentration (100 aM, 1 fM, 10 fM) of miR-375 in a relatively high concentration of 
(1 pM) mismatch (MM5 was used here). Regardless of the relatively high mismatch background, 
we observed increasing AuNP counts as a function of increasing miR-375 frequency and assay 
time (Figure 4.8), with a maximum difference occurring at 2-hours (Figure 4.7a). The average 
total count across time for each is lower than the data in Figure 4.4 by ~50% (Figure 4.7b). 
Again, this implies that the mismatch miR alters the perfect match (miR-375) kinetics by non-
specific binding. In addition to potential non-specific binding of the capture oligonucleotide, the 
mismatch miR may transiently occupy the toehold site. However, as evidenced by the increase in 
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counts as the miR concentration increases, spuriously bound miR are expected to be driven off 
by mismatch destabilization and cognately bind miR-375. 
 
 
Figure 4.5. Single mismatch miR-375 discrimination. a, Peak wavelength grey-scale image panel demonstrates 
particle count of miR-375 (first column) versus 5 different single nucleotide variants (SNVs) (columns) over time 
(rows). The mismatch placement in the sequence are representatively shown above (black stars). SNV mismatch 
location is given by the nucleotide (nt) position from the 5’-end. b, AuNP count quantification of miR-375 and the 
SNV cases. c, Considering the ∆∆G between the perfect match (miR-375) and MM1, we calculated the necessary 
protector stoichiometry to optimize mismatch discrimination from ~5.6-fold to ~6.7-fold. Each data point in (b,c) 









Figure 4.7. miR-375 detection in a high concentration mismatch background. a, Variable concentration of miR-
375 (columns) is added to a 1 pM mismatch (MM5 was used for all tests) solution and scanned over time (rows). 
The first column represents mismatch alone (no miR-375). b, Particle count quantification is shown as a function of 
miR-375 concentration frequency ([miR-375] / [MM5]). c, Spiked concentrations of miR-375 within a total RNA 
background from healthy donor plasma are scanned over time. d, Particle count is shown for three miR-375 
concentrations and a no miR-375 control. Each data point represents the average of 3 independent experiments. 




Figure 4.8. miR-375 Detection in the presence of mismatch background over 2-hour time course. 
 
4.3 Complex Media Tests 
To further challenge the assay, we tested “spiked-in” miR-375 detection in a total RNA 
from healthy donor plasma. In brief, we added a defined concentration of synthetic miR-375 into 
a salt buffered 100 pg/L total RNA with stoichiometrically tuned DNA-AuNPs (∆Grxn  0 for 
miR-375) and scanned the PC biosensor at a 30-minute interval for up to 2-hours (Figure 4.9). 
An increasing AuNP count over time (Figure 4.7c) was observed for miR-375 additions of 1 fM, 
10 fM, and 100 fM in the total RNA background (Figure 4.7d). In the absence of miR-375, 
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negligible counts (< 5) were measured in the total RNA solution. Nevertheless, there is a drastic 
reduction in the particle count across all concentrations tested, which is likely due to greater non-
specific binding in the ~105 more dense total RNA background compared to the 1 pM mismatch 
(MM5) background demonstrated in Figure 4.7b. To this end, the incorporation of a DNA-based 
signal amplifier110 or magnetic particle DNA-probes99 into the overall PC assay design may aid 
in future detection without compromising readout time or introducing unnecessary system 
complexity.  
 
Figure 4.9. miR-375 detection in human plasma RNA background over 2-hour time course. 
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CHAPTER 5: CONCLUSIONS 
 
In summary, we have demonstrated that by integrating principled DNA nanotechnology 
with PC biosensors, highly selective and sensitive diagnostics are achievable, where each miR 
target molecule translates into a digitally observable nanoparticle attachment to the PC, via two 
highly specific biomolecular recognition events. The assay is conducted at room temperature, 
without any target amplification or wash steps. Single mismatches can be located across the 
candidate miR when using a DNA probe/protector system that is free energy tuned.  The digital 
resolution capability of the PRAM biosensor microscopy allows for direct and dynamic signal 
accumulation, allowing for rapid miR detection. Given the simplicity of assay and the 
commercial availability (with low cost) of the regents involved, we expect the PRAM method 
can be applied to detect DNA, proteins, and small molecules as well. As a step towards this, we 
demonstrated ultrasensitive miR detection in a complex total RNA background.  Lastly, through 
the PC-mediated enhanced absorption we achieved digital detection of AuNPs, which we expect 
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